Indoor environmental chemistry, or indoor chemistry for short, utilizes the theory and methods of chemistry to study pollutant generation, transport, transformation, and fate indoors, and to find solutions to indoor environmental quality (IEQ) problems. In the past two decades, most attention has been given to indoor air and interfacial chemistry. Although these are key research areas of indoor environmental chemistry, the latter has a much wider scope, which also covers areas such as the presence and characteristics of chemicals and their precursors in buildings and other built environments, chemical reactions in contaminant sources, indoor combustion processes, chemistry associated with indoor air and surface cleaning, chemistry of building decontaminations, interactions of chemicals with occupants, and analytical chemistry specific to indoor environments (e.g. surface sampling methods). In this short article, we discuss the importance and research needs for one of these areas -the chemical reactions that take place in indoor sources.
Formaldehyde emission from pressed-wood products -A classic example One substrate and two sources Urea-formaldehyde resins, widely used as a binding agent in manufacturing pressed-wood, are a wellknown source of indoor formaldehyde due to the presence of residual formaldehyde in the product and hydrolysis of the methylol end groups and, less commonly, methylene bridges of the resin molecules. Synthesis of urea-formaldehyde and other amino resins involves two basic steps: addition of formaldehyde to introduce the hydroxymethyl group and the condensation reaction that links the monomer units together with the liberation of water. Although these reactions take place at the industrial sites, they have significant implications to indoor air quality because both reactions are reversible. The reversibility of the addition reaction results in residual formaldehyde in the resins (i.e. ''primary'' formaldehyde); the condensation reaction allows hydrolytic reactions to occur and eventually generates ''secondary'' formaldehyde.
Source control
Over the past three decades, efforts have been made by manufacturers and regulatory bodies to reduce the emissions from pressed-wood and products by reducing the residual formaldehyde and ''stabilizing'' the methylol end groups. From a chemical engineering point of view, these efforts have been successful in reducing both primary and secondary formaldehyde. According to a recent report by the United States Consumer Product Safety Commission, formaldehyde emissions from pressed-wood products have been reduced 80-90% from levels in the 1980s and earlier. 1 Given the widespread use of pressed-wood products in offices and homes and the promulgation of more stringent formaldehyde indoor air quality standards, further reduction of the formaldehyde emissions remains a highly relevant research topic.
Modelling challenges
The presence of both primary and secondary formaldehyde makes pressed-wood a complex source and it has been difficult to predict its emission rate. Existing mass transfer models, 2 consider only the primary source. Consequently, the models cannot explain why the formaldehyde emissions are sensitive to moisture contents in indoor air and the substrate. Furthermore, if the models are used for parameter estimation, omission of the secondary source may result in errors in the key emission parameters, i.e. the initial content of formaldehyde and the partition and diffusion coefficients. Inclusion of the secondary source in the model is necessary because, as the products age, the primary formaldehyde source diminishes, the secondary source becomes more important and, hence, the overall emission becomes more sensitive to humidity.
Spray polyurethane foam (SPF) -An emerging complex source Chemical components SPF is an effective insulation and air sealant material that has found broad applications and increasing market share for home insulation. Foam insulation can be one of the largest materials found within a home, on the order of several hundred kilograms. It can be applied in attics, crawl spaces, and wall cavities, particularly of exterior walls.
SPF is a complex source of multiple chemicals that can be released during application, curing and use. In order to create the final SPF insulation or sealant product, chemical reactions of the two component parts, commonly referred to as Side A and Side B, must occur. Side A contains reactive chemicals known as isocyanates while Side B contains a mixture of chemicals including polyols, which react with isocyanates, catalysts, flame retardants, hydrofluorocarbon blowing agents, processing aids and surfactants. The amount of residual isocyanates in SPF after curing depends on the completeness of the polymerization reaction. Once emitted into air, isocyanates continue to react with moisture and deposit on surfaces, which makes the emission sampling and testing very challenging.
Understanding the hazard associated with SPF exposure in homes requires an understanding of the toxicity of the chemicals and particles found within the foam and generated as a result of the SPF application. Methylene diphenyl diisocyanate (MDI), a common component of Side A, has been shown to be associated with both inhalation and dermal effects, most notably asthma, dermatitis, immunosensitivity, and skin and respiratory tract irritation at levels experienced in occupational settings. 2 Common components of Side B include the blowing agent HFC-245fa (1,1,1,3,3-pentafluoropropane), the amine catalyst bis-(2-dimethylaminoethyl)-ether (BDMAEE), and flame retardants such as tri(2-chloroethyl)phosphate (TCEP), triethyl phosphate (TEP), and tris (1-chloro-2-propyl) phosphate (TCPP).
3 HFC245fa has been associated with blurry vision and the ''halo effect''. Additionally, HFC-245fa has a global warming potential 950 times that of carbon dioxide. BDMAEE is a dermal and respiratory irritant at occupational exposure levels with chronic exposure potentially leading to lung damage. 4 The flame retardants TCEP, TEP, and TCPP are all considered to be persistent, bioaccumulative, and toxic (polybutylene terephthalate (PBT)) compounds by the US EPA. Exposure to phosphate ester flame retardants such as TCEP, TEP, and TCPP has been associated with increased lesions of the brain, kidney, bladder, liver, and ovaries, as well as decreased fertility in laboratory animals. 5 
Reactions
The key reaction during SPF application is the polymerization reaction between isocyanates (e.g. MDI) and polyols (e.g. polyether polyol) in the presence of a catalyst, commonly tertiary amines. This reaction generates the urethane linkage (-RNHCOOR'-). To create the ''cells'' in the foam, a gas is needed. This is achieved by hydrolysis of isocyanate that forms carbon dioxide. Alternatively, a highly volatile liquid (e.g. HFC-245fa) can be added to Side B to serve as the blowing agent.
Because Side B is a complex mixture, other reactions may occur during SPF application. However, the details of these reactions are largely unknown. Reaction products that have been measured in the emissions include aldehydes, specifically formaldehyde and acetaldehyde and 1,4-dioxane. The toxicity of these compounds is documented in EPA's Integrated Risk Information System (IRIS). Formaldehyde and acetaldehyde are associated with respiratory irritation and increased cancer risk. 1,4-Dioxane is associated with respiratory and contact dermatitis, as well as potential liver and kidney damage.
The components and reaction products of SPF are frequently considered to be proprietary blends and may be comprised of chemicals not considered here. Further research is needed to reduce the levels of hazardous emissions and improve the source characterization methods to understand the impacts of SPF installation in homes.
Modelling challenges
The short-and long-term emissions from SPF are difficult to predict. First, vigorous reactions take place at elevated temperature during product application. To predict emissions of reactive chemicals, such as MDI, after curing, knowledge of the completeness of the polymerization reaction is needed. Second, the SPF sources are often located in the attic, crawlspace and wall cavities. Thus, interzonal air exchange plays a key role in determining the chemical concentrations in the living area. Third, the temperatures in the attic and crawlspace are subject to diurnal and seasonal fluctuations, which have a profound effect on the emission rates. These conditions require a multi-zone model that allows for chemical reactions, time-varying interzonal air change flows, independent temperature profiles for different zones, and temperature-dependent partition and diffusion coefficients.
Types of chemical reactions in indoor sources
Below are brief descriptions of seven types of reactions that have been mentioned in the literature.
Hydrolytic degradation (hydrolysis)
Because of the ubiquitous presence of moisture and, in some cases, liquid water in the indoor environment, hydrolytic degradation is the most common reaction that may occur in indoor sources. In general, hydrolysis of organic compound R-X, where R is the carbon chain and X a function group, results in the cleavage of the carbon-X bond and formation of a carbon-oxygen bond. In addition to hydrolysis of urea-formaldehyde mentioned above, phenol-and melamine-formaldehyde resins are also subject to hydrolysis to form C 5 to C 10 aldehydes.
Some inorganic chemicals can react with water. Alkaline hydrolysis is a special type of hydrolysis that involves water or aqueous solutions with pH greater than 7. Some building materials, such as concrete and bricks, are alkaline by nature. In the presence of water, an alkaline solution may form and, subsequently, lead to the formation of secondary pollutants due to degradation of other materials attached to the concrete (i.e. insulation materials, adhesives, vinyl flooring, and paint). This chemical process is especially important in cold climate regions where moisture barriers and insulation materials are often installed underneath the concrete flooring. Both alkalinity and humidity can affect degradation rates. Some constituents are more resistant to hydrolysis than others. 6 When used as an anti-freezing agent for concrete, urea generates ammonia due to hydrolysis.
Autoxidation
Autoxidation is spontaneous and self-catalysed oxidation occurring in the presence of air, involving a freeradical mechanism which is initiated by heat, light, metallic catalysts, or free-radical generators. Two classes of chemicals have been extensively studied: ethoxylated nonionic surfactant and unsaturated fatty acids. Ethoxylated alcohols, commonly found in household products such as water-based cleaners, were once erroneously considered to be relatively stable under normal conditions. In fact, they undergo autoxidation rather readily. The autoxidation products include peroxides (primary products) and formaldehyde and ethoxylated aldehydes (secondary products). Autoxidation of unsaturated fatty acids is responsible for the unpleasant ''after-odour'' following indoor application of alkyd paint. The fatty acids used in alkyd paint contain either conjugated or nonconjugated carbon-carbon double bonds, which are susceptible to autoxidation that generates a series of hydroperoxides and aldehydes by free radical reactions. Detailed reaction mechanisms are discussed by Hancock et al. 7, 8 Aldehyde formation and emissions are also affected by the substrate.
Biodegradation
Many indoor materials and substances can be chemically broken down by microbial organisms. The term ''biologically mediated hydrolysis'' has been used by some authors to describe these processes. The volatile components of the metabolites, collectively known as microbial volatile organic compounds (MVOCs), are considered a potential health hazard. Over 100 MVOCs have been identified, including alcohols, aldehydes, ketones, esters, ethers, terpenes, furans, and aromatic compounds. Biodegradation of certain plasticizers forms 2-ethylhexanol, which is an irritant to skin, eyes, and upper airway.
Photolytic degradation (photolysis)
Photons with sufficient energy can break molecules apart. Ozone formation from dissociation of oxygen is a typical example of such interaction. Thus, if an indoor equipment or device contains an ultraviolet lamp, it is a source of ozone. For some photosensitive species, photolysis may take place under indoor illumination conditions, especially in the presence of fluorescent light. For instance, NO 3 radicals may decompose at wavelengths less than 580 nm. Photolytic degradation can also occur in UV-curing of coating materials, which use certain chemicals with carbonyl groups, collectively known as photoinitiators, to trigger the drying process (i.e. crosslinking of acrylated systems and unsaturated polyesters). The photo-induced reactions generate a series of degradation products including odorous compounds, such as benzaldehyde, cyclohexanone and benzophenone, and monomers. Another example is the photodegradation of polybrominated diphenyl ethers (PBDEs), forming less brominated, but maybe more hazardous, congeners. 9 Currently it remains unclear whether such photo-induced debromination is significant in typical indoor conditions. It is most likely that they can take place in automobiles where PBDEs were once the most commonly used flame retardants.
Thermal degradation (pyrolysis)
Thermal degradation can occur either at elevated temperature (i.e. pyrolysis) or at normal temperature. This degradation process transforms a compound into one or more other substances. In the presence of air, the term of ''oxidative pyrolysis'' is often used. It involves reactions of pyrolytic products with oxygen. For instance, the fume of accidentally overheated nonstick cookware that contains polytetrafluoroethylene (PTFE) coating can cause temporary flu-like symptoms in human, known as the ''PTFE flu''. Thermal degradation of PTFE-coated products produces trifluoroacetate and chlorodifluoroacetic acid along with numerous other perfluorinated acids, carbonyl fluorides, and many small fluorocarbon molecules some of which are highly toxic. 9, 10 Sulfur hexafluoride (SF6), a tracer gas commonly used in IEQ research, is also subject to oxidative hydrolysis in the presence of combustion sources, such as an unvented heater, forming sulfuric acid.
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Catalysed reactions
In an intriguing study, Odaka et al. recently reported strong emissions of odorous aldehydes from plasters containing vegetable oils. 12 The emissions were due to the high alkalinity of the plaster which accelerates the radical oxidation/hydrolysis of the oils. The authors also demonstrated that adding a sodium hydroxide solution directly to unsaturated fatty oils led to significant generation of aldehydes.
Ozonization
Ozone can be generated not only by photons and chemical reactions but also by silent electric discharge. Some indoor devices (e.g. ozone-based air cleaners) generate ozone intentionally. Ozone formation can also occur in office equipment such as the dry-process photocopier that uses silent corona discharge to generate high-velocity electrons with energy of 6-7 eV, which lead to the formation of ozone. This process is an example of ozone formation due to electron impact.
Ending remarks
Source reduction or modification is one of the most effective ways to control indoor environmental pollution. Studies have shown that chemical reactions that occur in the source affect not only secondary pollutants but also primary pollutants in some cases. Better understanding of the chemistry in indoor sources is a fertile area for research and can benefit both exposure assessment and risk management.
